Abstract. 3-Hydroxy-3-methylglutaryl CoA reductase inhibitors (statins) are safe and welltolerated therapeutic drugs. However, they occasionally induce myotoxicity such as myopathy and rhabdomyolysis. Here, we investigated the mechanism of statin-induced myotoxicity in L6 fibroblasts and in rats in vivo. L6 fibroblasts were differentiated and then treated with pravastatin, simvastatin, or fluvastatin for 72 h. Hydrophobic simvastatin and fluvastatin decreased cell viability in a dose-dependent manner via apoptosis characterized by typical nuclear fragmentation and condensation and caspase-3 activation. Both hydrophobic statins transferred RhoA localization from the cell membrane to the cytosol. These changes induced by both hydrophobic statins were completely abolished by the co-application of geranylgeranylpyrophosphate (GGPP). Y27632, a Rho-kinase inhibitor, mimicked the hydrophobic statin-induced apoptosis. Hydrophilic pravastatin did not affect the viability of the cells. Fluvastatin was continuously infused (2.08 mg / kg at an infusion rate of 0.5 mL / h) into the right internal jugular vein of the rats in vivo for 72 h. Fluvastatin infusion significantly elevated the plasma CPK level and transferred RhoA localization in the skeletal muscle from the cell membrane to the cytosol. In conclusion, RhoA dysfunction due to loss of lipid modification with GGPP is involved in the mechanisms of statin-induced skeletal muscle toxicity.
Introduction
3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibitors (statins) lower the concentrations of lowdensity lipoprotein cholesterol in blood by blocking the rate-limiting step of the mevalonate pathway. Statins are widely used in patients with hypercholesterolemia (1) to reduce cardiovascular events (2, 3) . Although statins are safe and well-tolerated drugs, one of their most important clinical adverse effects in therapy is myotoxicity, ranging from mild myopathy to serious rhabdomyolysis. Cerivastatin was voluntarily withdrawn from the market (4) because of the high risk of rhabdomyolysis when used as monotherapy and as co-medication with fibrates. However, the mechanism of statin-induced myopathy is not yet fully understood. Several hypotheses have been proposed to explain statin-induced myotoxicity, including the lowering of ubiquinone levels (5, 6) , alterations of chloride channel conductance within myocytes (7) , and apoptosis induction (8 -10) . HMG-CoA reductase, which converts HMG-CoA to mevalonate, is a rate-limiting enzyme of the mevalonate cascade (11) . Mevalonate is a precursor not only in cholesterol synthesis but also in the synthesis of isoprenoid intermediates such as farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate (GGPP). These intermediates are important for post-translational isoprenylation of a number of proteins including small G proteins such as Ras, Rho, and Rab (12) . Therefore, blockade of the mevalonate pathway by statins can affect critical cellular functions. We previously reported that atorvastatin impairs glucose uptake in 3T3L1 adipocytes associated with attenuation of the localization of RhoA to the cell membrane (13) . A deficit in compounds bio-synthesized in the mevalonate pathway may adversely affect skeletal muscle. In the present study, we investigated the effects of statins on L6 fibroblasts derived from the rat skeletal muscle in vitro and rat skeletal muscles in vivo.
Materials and Methods

Drugs and reagents
Pravastatin, simvastatin, and fluvastatin were kindly provided by Daiichi-Sankyo Co. (Tokyo). Y27632 was purchased from Calbiochem (San Diego, CA, USA). Anti-RhoA antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-mouse immunoglobulin G secondary antibody was purchased from Cell Signaling Technology (Bevery, MA, USA). Aporotinin, phenylmethylsulfonylfluoride (PMSF), leupeptin, bovine serum albumin, dl-mevalonic acid lactone, FPP ammonium salt, and GGPP ammonium salt were bought from Sigma (St. Louis, MO, USA). Dulbecco's modified Eagle's medium-low glucose containing 1 g / mL glucose (DMEM-low glucose) and CPK-II test Wako were purchased from Wako Pure Chemical Industries, Ltd. (Osaka). Fetal bovine serum (FBS) was obtained from Invitrogen (Carlbad, CA, USA). WST-8,4',6-diamidino-2-phenylinodole (DAPI), and a cell counting kit were purchased from Dojindo Laboratories (Kumamoto). COD-Star Reagent was obtained from New England BioLabs (Ipswich, MA, USA).
Cell culture
L6 fibroblasts were obtained from the Health Science Research Resources Bank (Osaka) and grown in DMEM-low glucose-containing 10% FBS at 37°C in humidified atmosphere of 5% CO 2 until approx. 80% confluence. To induce differentiation, cells were further cultured in medium containing 1% FBS.
Cell viability
Cell viability was assessed by measuring the activity of mitochondrial dehydrogenase using the tetrazolium compound WST-8 (14) . L6 fibroblasts (5 × 10 3 cells / mL) were seeded into a 96-well plate and incubated for 24 h. Following treatment with statins at certain concentrations for the periods indicated, WST-8 was added and incubated for 2 h. Cellular activities were determined by measuring absorbance at 450 nm using a microtiter-plate reader.
DAPI staining
To detect morphological evidence of apoptosis, cell nuclei were visualized following DNA staining with the fluorescent dye DAPI (15) . After incubation for 24 h in DMEM-low glucose-containing 10% FBS, cells were treated with 50 μM fluvastatin or simvastatin in DMEM-low glucose-containing 1% FBS for 48 h. Then, cells were washed three times with phosphate-buffered saline (PBS), fixed with 3% paraformaldehyde for 10 min, and then labeled with DAPI (1 μg / mL) for 10 min. After labeling, apoptotic cells were visualized under a fluorescence microscope (Olympus, Melville, NY, USA).
Caspase-3 activity
After incubation of L6 fibroblasts for 12 h with 50 μM statin in the presence or absence of GGPP or FPP, caspase-3 activity was assayed using BD ApoAlert TM Caspase Assay plates (Biosciences Clontech, Mountain View, CA, USA). Briefly, following incubation of cells (2 × 10 5 ) with 50 μM fluvastatin, simvastatin, or Y27632, cells were lysed in lysis buffer (25 mM Tris (pH 7.5), 150 mM NaCl, 10 mM sodium fluoride, 1 mM sodium vanadate, 1 mM PMSF, 10 μg / ml aprotinin, 10 μg / ml leupeptin, and 1% Nonidet 40) for 10 min on ice. After centrifugation, 50 μL of cell lysates and 50 μL of reaction buffer / dithiothreitol mixture were incubated at 37°C for 2 h. Caspase-3 activities were determined by a fluorescent plate reader with the excitation wavelength at 380 nm and emission at 465 nm.
Subcellular fraction and immunoblotting
Cell cytosolic and membrane fractions were prepared as described previously (16) . The cell homogenate was centrifuged at 100,000 × g for 20 min at 4°C to separate the cytosolic and crude membrane fractions. Membranes were suspended in Nonidet P-40 lysis buffer (25 mM Tris-HCl (pH 7.5), 1% Nonidet P-40, 150 mM NaCl, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, and 10 μg / ml each of leupeptin and aprotinin). Insoluble materials were removed by centrifugation at 20,000 × g for 5 min at 4°C, and the resulting supernatant was referred to as the solubilized membrane fraction. All procedures were performed at 4°C. For immunoblotting, cell lysates or the subcellular fraction was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Samples were probed with anti-RhoA antibody and detected using the COD-Star Reagent with alkaline phosphataseconjugated secondary antibodies, according to the manufacturer's protocol.
Animal preparation
The present investigation conforms to the Guiding Principles for the Care and Use of Experimental Animal of Hokkaido Pharmaceutical University (published 1998, revised 2001 and 2007). Male Wister rats (4 -5 weeks of age) were obtained from Sankyo Labo Service Corporation (Machida, Tokyo). Animals were housed under controlled temperature (23°C) and lighting (12-h light / 12-h dark cycle) with free access to water and standard rat chow. After 1 week of feeding with a chow diet, rats were randomly assigned to the control group (n = 5) or fluvastatin-treated group (n = 5). Rats were anesthetized with pentobarbital (30 mg / kg, i.p.) and an indwelling catheter was inserted into the right internal jugular vein for drug infusion. The catheter was inserted subcutaneously to exit dorsally at the midscapular region and was covered with a stainless steel extension spring. The spring was secured to the rat by a rigid polyethylene neck (90° angle) sutured subcutaneously at the exit incision. The spring and catheter were then suspended from a contort holder directly above the cage, ensuring the rat 360° of free and unrestricted motion. Heparinized saline (10 IU/ mL) was infused into the catheter to prevent blood coagulation. Two days after cannulation, fluvastatin [2.08 mg / kg at an infusion rate of 0.5 mL / h (or 50 mg / kg per day)] was infused continuously into the rats through a jugular catheter for 72 h.
Measurement of plasma fluvastatin concentration
After 72 h of infusion, plasma fluvastatin concentration was determined using a high-performance liquid chromatography (HPLC) system equipped with a UV detector (17) . The column used was a WAKOPAK Handy ODS (4.6 mmø × 250 nm), and the mobile phase consisted of an aqueous solution containing 20 mM dibasic sodium dihydrogen phosphate with 1 mM sodium lauryl sulfate adjusted to pH 7 with phosphoric acid and acetonitrile (70:30 v / v). The column temperature and flow rate were 50°C and 1.0 mL / min, respectively.
Tissue fractionation and immunoblotting
Seventy-two hours after fluvastatin infusion, skeletal muscles were immediately removed and frozen in liquid nitrogen. Tissue samples were stored at −80°C for later analysis. Tissues were homogenized using a Teflon homogenizer in Tris-buffer and centrifuged at 600 × g for 10 min at 4°C. The cytosolic and crude membrane fractions were prepared as described in the "Subcellular fraction and immunoblotting" section. The samples were immunoblotted with anti-RhoA antibody, as described above.
Measurement of plasma CPK levels
Before and at 48 and 72 h after starting the fluvastatin infusion, blood samples were taken via the jugular catheter for measurement of plasma CPK levels using CPK-II test Wako.
Statistical analyses
Each value was expressed as the mean ± S.E.M. Significance of the differences between groups was evaluated by one-way analysis of variance followed by Dunnett's t-test with Stat View (SAS Institute Inc., Cary, NC, USA). Statistical significance was defined as P<0.05.
Results
Cell viability
Treatment with the hydrophobic statins simvastatin and fluvastatin significantly decreased the viability of L6 fibroblasts in a dose-dependent manner (Fig. 1) . Pravastatin, a hydrophilic statin, showed no effect on cell viability at the doses tested. The concentrations decreasing cell viability to 50% were 2.1 ± 0.1 μM for simvastatin and 1.6 ± 0.1 μM for fluvastatin.
Effects of statins on DAPI staining and activity of caspase-3
Fragmented nuclei were observed in L6 fibroblasts treated with simvastatin and fluvastatin at 10 μM for 48 h (Fig. 2A) . Treatments with simvastatin and fluvastatin at 10 μM for 16 h significantly increased caspase-3 activity in L6 fibroblasts compared with the control cells (Fig. 2B ).
Co-application of GGPP or FPP with statin
Simvastatin and fluvastatin at 50 μM decreased cell viabilities to 25 ± 6% and 36 ± 9% relative to those of the control cells, respectively. The decreased cell viabilities induced by simvastatin and fluvastatin were completely recovered by the co-application of GGPP; however, that of FPP induced only low recovery (Fig. 3A) . Also, simvastatin and fluvastatin increased caspase-3 activity. The effect of simvastatin on caspase-3 activity was more potent than that of fluvastatin. Similarly, the co-application of GGPP decreased caspase-3 activity, which had been increased by simvastatin and fluvastatin to the level of the control cells (Fig. 3B) . The co-application of FPP did not reverse the effects of simvastatin and fluvastatin on cell viability and caspase-3 activity. Figure 4 shows the localization of RhoA in the cell membrane and cytosolic fractions. RhoA, a small Gprotein, requires lipid modification with GGPP for its localization to the cell membrane and for retaining its biological functions. RhoA in the control cells was localized more in the cell membrane than in the cytosol. Treatment with simvastatin or fluvastatin prevented RhoA translocation to the cell membrane, increasing cytosolic RhoA. The co-application of mavalonate and GGPP but not FPP restored the subcellular distribution of RhoA that was changed by simvastatin and fluvastatin (Fig. 4) .
Subcellular distribution of RhoA in L6 fibroblasts
Effects of Y27632 on L6 cell viability and caspase-3 activity
Y27632 is a selective inhibitor of Rho-associated protein kinase. The effects of Y27632 on the cell viability and activity of caspase-3 in L6 fibroblasts are shown in Fig. 5 . Treatment of L6 fibroblasts with Y27632 at >10 μM for 48 h significantly reduced cell viability in a dose-dependent manner (Fig. 5A) , and that at 50 μM for 16 h significantly increased caspase-3 activity (Fig. 5B ). Y27632 caused cell death and activation of casepase-3 in the L6 fibroblasts similar to those caused by the hydrophobic statins.
Effect of wortmannin on cell viability
The effect of wortmannin on the viability of L6 fibroblasts is shown Fig. 6 . L6 fibroblasts were treated with wortmannin at 1 -500 nM for 48 h. Because wortmannin showed no affect on cell viability even at 500 nM, statin-induced apoptosis of L6 fibroblasts might be independent of the PI3-Ras pathway. Figure 7 shows the plasma concentration of fluvastatin (A) and plasma CPK levels (B) in blood obtained from rats before and at 48 and 72 h after intravenous infusion of fluvastatin or saline as control. The plasma concentration of fluvastatin at 72 h after starting infusion Fig. 2 . DAPI staining and caspase-3 activity of L6 fibroblasts treated with fluvastatin or simvastatin. A: Forty-eight hours after treatment with 10 µM fluvastatin or simvastatin, L6 fibroblasts were fixed and stained with the nuclear dye DAPI. Nuclear morphology was visualized by fluorescent microscopy. B: L6 fibroblasts were treated with 10 µM fluvastatin and simvastatin for 16 h and caspase-3 activity was determined using BD ApoAlert TM . Each column represents a mean ± S.E.M. (n = 4). was 6.02 ± 1.19 μg/ mL. This concentration is equivalent to 13.9 μM and approximately the same concentration as that of the statin applied to L6 fibroblasts in vitro. The plasma CPK levels in the fluvastatin-infused rats were significantly higher than those in the saline-infused control rats.
Fluvastatin infusion into rats in vivo
Subcellular distribution of skeletal muscle RhoA in rats
The subcellular distribution of RhoA in the skeletal muscle of rats is shown in Fig. 8 . RhoA in the skeletal muscle of the saline-infused control rats was localized considerably more in the cell membrane than in the 
Discussion
The present study demonstrated that simvastatin and fluvastatin concentration-dependently decreased cell viability, while pravastatin showed no effect even at 100 μM (Fig. 1) . This result is in agreement with that previously reported for rat pulmonary vein endothelial cells (18) . It has been shown that membrane permeabilities among HMG-CoA reductase inhibitors are different (19) . Simvastatin and fluvastatin are hydrophobic compounds that cannot easily enter any cell and they inhibit HMG-CoA reductase (20) . In contrast, pravastatin is a hydrophilic compound that cannot penetrate the cell membrane; however, it can inhibit HMGCoA reductase in hepatic cells because the hepatic cell membrane contains organic anion transporters that transport hydrophilic substances into cells (21) . Simvastatin, fluvastatin, and pravastatin are therefore equally effective in lowering cholesterol concentration in blood. Since pravastatin showed no effect on cell viability, we investigated the mechanism of cell death induced by hydrophobic statins.
In DAPI nuclear staining, fragmented nuclei were observed in L6 cells treated with fluvastatin or simvastatin at 10 μM for 48 h (Fig. 2A) . DAPI is a blue nucleic acid fluorescence dyeing agent and attaches to the DNA strand spiral gutter. When a cell dies, chromosome agglutination and DNA fragmentation occur (14) . In addition, fluvastatin and simvastatin significantly elevated caspase-3 activity in L6 fibroblasts (Fig. 2B) . First, cells were treated with simvastatin or fluvastatin at 10 μM (Fig. 2) to examine whether statin-induced cell death was due to apoptosis. Since the results revealed that both statins induced apoptosis, we used them in higher concentrations to observe a dose-dependent increase in caspase-3 activity (Fig. 3) . Activation of caspase-3 was concentration-dependent for simvastatin treatment, but fluvastatin-induced activation peaked at 10 μM. These results suggest that the statin-induced cell death could be due to apoptosis. Apoptosis in skeletal muscle cells may trigger different forms of myotoxicity such as myopathy and rhabdomyolysis.
HMG-CoA reductase, which converts HMG-CoA to mevalonate, is a rate-limiting enzyme of the mevalonate cascade (11) . Mevalonic acid is a precursor not only in cholesterol synthesis but also in the synthesis of isoprenoid intermediates such as FPP and GGPP. Geranylgeranylation and farnesylation are required by small G proteins such as Ras and Rho, which play crucial roles in cell growth and differentiation. The co-application with GGPP prevented statin-induced cell death, while that with FPP did not (Fig. 3) . In the present study, exposure of L6 fibroblasts to simvastatin and Fig. 7 . Plasma concentration of fluvastatin and serum CPK level in rats. A: Fluvastatin (50 mg /kg per day, 0.5 mL/h) was intravenously infused into rats for 72 h. At 72 h after starting the infusion of fluvastatin, its plasma concentration was determined using an HPLC system equipped with a UV detector. Each point represents the plasma concentration of each rat (n = 5). B: Before and at 48 and 72 h after starting fluvastatin infusion, serum CPK levels were determined using CPK-II test Wako. Each column represents a mean ± S.E.M. (n = 5). *P<0.05 vs control. fluvastatin decreased the amount of RhoA in the membrane fraction, but increased its amount in the cytosolic fraction (Fig. 4) . Y27632, a selective inhibitor of Rho-associated protein kinase, mimicked the effects of hydrophobic statins on cell viability and caspase-3 activity (Fig. 5) . These results further indicate that dysfunction of RhoA is associated with statin-induced apoptosis.
However, several investigators have reported depletion of other membrane-bound small G proteins in statin-induced myotoxicity. Matzno et al. (8) reported that statin-induced apoptosis in L6 fibroblasts was related to Ras depletion in the membrane, but not RhoA depletion. In the present study, Ras dysfunction was not responsible for statin-induced cell death in fibroblasts because pretreatment with FPP did not completely prevent it, and wortmannin did not mimic the effect of statin on cell viability (Fig. 6 ). Since Matzno et al. observed the early phase of apoptosis (0 -6 h after cerivastatin treatment) in contrast to our experiments, depletion of different small G proteins during the progression of apoptosis might be involved in the statininduced apoptosis pathway. Alternatively, Sakamoto et al. (22) reported that Rab is involved in fluvastatininduced formation of vacuoles in myofibers (although we did not examine Rab involvement).
Simvastatin seems to have greater effects on cell viability and caspase-3 activity than fluvastatin; however, pravastatin showed no effects on L6 fibroblasts. Moreover, the lipophilicity of simvastatin is higher than that of fluvastatin, and that of pravastatin is less than that of fluvastatin. Statins with high lipophilicity easily penetrate into cells and inhibit HMG-CoA reductase. Therefore, the degree of lipophilicity of statins may be correlated with their sensitivity to cells. This may also apply to clinical practice because cerivastatin, which has the highest lipophilicity among statins, has been voluntarily withdrawn from the market due to high risk of rhabdomyolysis (10) . In the present study, pravastatin showed no effect even at the highest concentration of 100 μM. However, it had an effect on L6 fibroblasts at a much higher concentration (3 mM) (8) and carries the risk of myopathy in clinical practice, although the incidence is less than the other statins.
Sakamoto et al. (22) have reported that there is a difference in the effects of statins on signal transduction between immortalized skeletal muscle cell lines such as L6 fibroblasts and freshly isolated myofibers. Therefore, we conducted an in vivo study in line with the abovementioned work by infusing fluvastatin into rats. Although statins have been orally administered in clinical practice, fluvastatin (2.08 mg / kg at an infusion rate of 0.5 mL / h) in the present study was infused continuously into rats via a jugular vein catheter for 72 h. In several in vivo studies, the severity of muscle injury induced by oral treatment of statin varied greatly between individual animals. The model used in the present study allows the maintenance of a constant blood concentration of fluvastatin, which can rapidly and conveniently induce myotoxicity. Since simvastatin does not practically dissolve in saline owing to its high lipophilicity (octanol-water partition coefficient: simvastatin, 25,118; fluvastatin, 55), we employed fluvastatin in the in vivo study. Before and at 48 h and 72 h after starting fluvastatin infusion, blood samples were taken and plasma CPK level was measured. CPK levels in fluvastatin-infused rats 48 and 72 h after starting the infusion were higher than those in the control rats (Fig. 7) . Elevation of plasma CPK is one of the clinical signs of rhabdomyolysis (23) . The plasma concentration of fluvastatin 72 h after starting the infusion was 6.02 ± 1.19 μg / mL, which is equivalent to 13.9 μM and is approximately the same concentration as the applied statin dose in L6 fibroblasts. The amounts of RhoA in the cell membrane fraction of skeletal muscles in fluvastatin-infused rats were significantly lower than those of the saline-infused rats (Fig. 8) , which is in accordance with the result obtained in L6 fibroblasts (Fig. 4) .
In conclusion, the results suggest that fluvastatin induces apoptosis in L6 fibroblasts and myopathy in rat skeletal muscles through RhoA inactivation resulting from GGPP attenuation. However, the mechanism of RhoA-induced myopathy in vivo remains to be investigated.
